We report the switching recovery characteristics of large area (contact dimension 0.04 × 0.04 cm 2 ) vertical geometry β-Ga 2 O 3 Schottky rectifiers, consisting of Si-doped epitaxial layers on conducting bulk substrates. Devices that were switched from forward current of 0.225 A to reverse off-state voltage of −700 V in an inductive load test circuit showed a recovery time (t rr ) of 82 ns, with a reverse recovery current (I rr ) of 38 mA and dI/dt of −2.28 A. μsec −1 . This shows the potential of Ga 2 O 3 rectifiers for power switching applications, provided effective thermal management schemes can be implemented. Devices deliberately tested to failure under forward bias conditions exhibit delamination and cracking of the Ni/Au contact and underlying epitaxial Ga 2 O 3 due to the low thermal conductivity of the Ga 2 O 3 . This failure mode is different to that under high reverse breakdown conditions, where pits formed by material failure under the high field generated at the edge of the rectifying contact occurs. Wide bandgap power devices based on SiC and GaN are gaining market share for use in power control and switching applications, lidar sensors for autonomous vehicles, multi-level converters, and motion control for robotics. [1] [2] [3] There is interest in extending the performance limits using other semiconductors that could potentially outperform SiC/GaN devices. β-Ga 2 O 3 is emerging as a viable candidate for certain classes of power electronics with capabilities beyond existing technologies, due to its large bandgap (4.8eV) and the availability of large diameter (6 inch), relatively inexpensive substrates. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] These applications include power conditioning systems, including pulsed power for avionics and electric ships, solid-state drivers for heavy electric motors and advanced power management and control electronics. 4, 6, 10 The initial thrust on Ga 2 O 3 electronics is targeted toward high power converters for both DC/DC and DC/AC applications. Ga 2 O 3 Schottky diodes could supplement 600V Si or SiC rectifiers targeted at switch mode power converters. 18,19 There has been less attention paid to the switching characteristics of these devices, with some reports of reverse recovery times of <30 ns for discrete rectifiers tested on a probe station.
Wide bandgap power devices based on SiC and GaN are gaining market share for use in power control and switching applications, lidar sensors for autonomous vehicles, multi-level converters, and motion control for robotics. [1] [2] [3] There is interest in extending the performance limits using other semiconductors that could potentially outperform SiC/GaN devices. β-Ga 2 O 3 is emerging as a viable candidate for certain classes of power electronics with capabilities beyond existing technologies, due to its large bandgap (4.8eV) and the availability of large diameter (6 inch), relatively inexpensive substrates. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] These applications include power conditioning systems, including pulsed power for avionics and electric ships, solid-state drivers for heavy electric motors and advanced power management and control electronics. 4, 6, 10 The initial thrust on Ga 2 O 3 electronics is targeted toward high power converters for both DC/DC and DC/AC applications. Ga 2 O 3 Schottky diodes could supplement 600V Si or SiC rectifiers targeted at switch mode power converters. [4] [5] [6] [7] [8] [9] [10] [11] [12] High reverse breakdown voltages (up to 2300V) have been achieved in field-plated β-Ga 2 O 3 vertical Schottky rectifiers fabricated on thick epitaxial layers on conducting substrates, 12, 13 and lateral MOSFETs [21] [22] [23] [24] [25] [26] have shown breakdown up to 1850V. 23 1kV trench MOS-type Schottky barrier diodes and 1kV trench MOS-type normally off transistors have also been recently reported. 18, 19 There has been less attention paid to the switching characteristics of these devices, with some reports of reverse recovery times of <30 ns for discrete rectifiers tested on a probe station. 12, 13 A particular advantage of wide bandgap switching devices is that they should have lower on-resistances at a given bias and higher switching efficiency than Si. [1] [2] [3] [4] Circuit simulations of Ga 2 O 3 MOSFETs in a three phase modular multilevel converter showed lower conduction loss but higher switching loss than commercial SiC MOSFETs under the same conditions. 27, 28 Measurements are needed of Ga 2 O 3 device switching performance in inductive load test circuits to gain more understanding of the potential of this technology. * Electrochemical Society Fellow.
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In this paper, we report the reverse recovery times and reverse recovery currents of Ga 2 O 3 field-plated rectifiers switched from forward current of 0.225 A to reverse off-state voltage of −700 V. We find that under extreme forward bias conditions, where we deliberately induce failure, the devices exhibit delamination and cracking of the Schottky contact and underlying Ga 2 O 3 , indicating that thermal management is a key area for future advancement of these devices.
Experimental
The rectifiers were fabricated on 8 μm thick layers of Si-doped n-type Ga 2 O 3 (n-type carrier concentration of 6.12 × 10 15 cm
obtained from capacitance-voltage measurements) grown by Halide Vapor Epitaxy (HVPE) on β-phase Sn-doped Ga 2 O 3 single crystal wafers with (001) surface orientation. These bulk wafers were grown by the edge-defined film-fed method with a carrier concentration of 3.6 × 10 18 cm −3 . The X-ray diffraction full-width-half-maximum is <350 arc.sec for these substrates. High resolution cross-section Transmission Electron Microscopy (TEM) images show an absence of visible defects, as shown in Figure 1 , indicating the high quality of the epitaxial layers and the underlying substrates.
The field-plated, edge terminated vertical rectifiers structures are shown in Figure 2 (top) and employed full area back-side Ti/Au ohmic contacts annealed under N 2 at 550
• C for 30 sec. 12, 13 The field-plate consisted of SiO 2 /SiN x dielectric layers (40/360 nm) deposited by plasma enhanced chemical vapor deposition. Dielectric windows were etched with 1:10 buffered oxide etch (BOE) and Ni/Au Schottky contacts (thickness 80 nm/420 nm) were deposited on the dielectric windows with 10μm overlap with the SiO 2 /SiN x dielectric layer. The devices we tested used a square contact area of 0.04 × 0.04 cm 2 (1.6 × 10 −3 cm 2 ) -these are shown in the optical microscopy image at the bottom of Figure 2 . Diode DC characteristics were carried out with an Agilent 4156C parameter analyzer for current and voltage level up to 100 mA and 100 V, respectively. For high voltage and current DC measurements, a Tektronix 370A curve tracer was used. A current probe along with a Micsig (DP10013) differential probe was used for the rectifier switching characteristic measurements. Figure 3 shows the single-sweep forward and reverse current density (J-V) rectifier characteristics. The breakdown voltage (V B ) was 1900 V, with 1A of forward current at ∼1V. The Schottky barrier height and ideality factor were 1.08 eV and 1.06, respectively. The on-state resistance, R ON , was 0.24 .cm 2 , leading to a power figure of merit (V B 2 /R ON ) of 15 MW.cm 2 . These values are comparable to past reports for large area Ga 2 O 3 rectifiers. 12, 13, 20 A clamped inductive load test circuit was designed and fabricated for the switching measurements, whose operation is shown schematically in Figure 4 . During the switching operation of the Ga 2 O 3 rectifier, a double pulse was employed to drive the Si transistor, and the duration of the duty cycle used to adjust the Ga 2 O 3 Schottky diode forward current. 29, 30 The inductor is charged initially from the DC power supply when the transistor is turned on (accumulation mode). When it is turned off, the inductor releases charge through the forward-biased Ga 2 O 3 rectifier (circulating mode). As the transistor is again turned on, the rectifier was switched from the on-to the off-state, where the charge was depleted. Finally, the current through the diode becomes zero. Figure 5 shows the switching performance and voltage waveform for the switching node of these rectifiers. The device was switched from 0.225 A forward current to a reverse voltage of −700 V. Our circuit boards and associated electronics are not rated for higher voltages, so we were not able to examine the full potential of the Ga 2 O 3 rectifiers. The circuit was operated with a period of 50μsec, duty cycle 2%, MOSFET pulse was 10V and the power supply for the rectifier was 700V. The reverse recovery time, defined as the time that taken for rectifiers recover to the current level of 25% of the reverse recovery current, I rr , was 82 ns with I rr of 0.38 mA, and the dI/dt was −2.28 A/μsec. We have previously reported switching 1A of current to a reverse off-state voltage of −300V, with a recovery time of 64 ns and no significant temperature dependence of the recovery time up to 150
Results and Discussion
• C, 29 while Takatsuka et al. 31 reported similar fast switching of Ga 2 O 3 trench diodes. The switching recovery times are comparable to those reported for commercial SiC rectifiers. 32 While much remains to be optimized, including thermal management, plating technologies for current spreading and the field plate design, these results show the prospects for a role for β-Ga 2 O 3 in power electronics. 6, 9, 10, 30 It is important to establish the failure mechanisms in these rectifiers under high current switching conditions. We have found that under very high reverse bias conditions, where continue increasing bias to deliberately induce degradation, these devices still fail by breakdown at the contact periphery. 33 This means the field plate design still needs additional optimization to avoid field crowding, which leads to avalanche multiplication of carriers. It is well established that the observed breakdown field in Ga 2 O 3 devices is well below the theoretical limits. For example, 8 μm thick epi doped at <10 16 cm −3 has a theoretical breakdown of ∼4.5 kV. If one deliberately tests the rectifiers to failure under reverse bias conditions, they breakdown at the rectifying contact periphery, 33 producing pits in the Ga 2 O 3 .
There has been less attention on the failure under forward bias conditions. Figure 6 (top) shows an optical microscope image of one of the large area contact devices after continued pulsed forward biasing under conditions deliberately designed to induce failure, displaying cracking and delamination of the Ni/Au contact. The bottom of the figure shows the same area after the Ni/Au was removed by etching in aqua regia and soaking in BOE. Some of the small pits from devices tested under reverse bias conditions are also visible in the center of the image. The devices tested under forward bias failure conditions show extended regions of cracks and delamination of the Ga 2 O 3 . Nanoindentation studies of single crystal Ga 2 O 3 show hardness values of ∼14.5 GPa obtained from the type of sample employed here. 34, 35 In a study of the deformation of β-Ga 2 O 3 under nanogrinding, the occurrence of crystallite defects in the ground subsurface was observed and the thermally-induced deformation that occurs during forward bias testing appear to also disrupt the crystallinity. 34, 35 In a study of closely related single crystals of Gd 3 Ga 5 O 12 , subsurface deformation was composed of a plastic flow zone, micro crack zone and median cracks. 36 The latter are caused by the severe slip of crystal planes subject to concentrated stress. It was found that lattice disorder is the precursor to plastic deformation under stress. 36 Wu et al. 35 found the deformation pattern of single crystal, (201) oriented β-Ga 2 O 3 evolved with increased indentation load, beginning with stacking faults along the (200) lattice planes and twinning structures with the (201) plane as a twin boundary, followed by formation of dislocations on (101) lattice planes and finally, lattice bending and cracking. TEM imaging showed the (200) lattice planes were the preferred direction of cracking. 35 It should be noted that crack propagation and stacking faults lay on the same lattice planes, suggesting that the existence of stacking faults might help initiate cracking under mechanical loading. 35 The anisotropic nature of single crystal β-Ga 2 O 3 , means for example, that lattice planes of (200) and (002) are not symmetric equivalent, 4, 8 thus different stress levels are required to introduce lattice deformation in different groups of lattice planes. This deformation sequence is unique to Ga 2 O 3 . 35, 36 To examine these regions more closely, we took images of these device pushed to very high pulsed current levels of >2A under forward bias. Figures 7 and 8 shows the cracks more clearly, while tilting the sample (Figure 9 ) reveals the associated delamination of the Ga 2 O 3 . The cracks are predominantly oriented along the [010] direction in our case. Preliminary thermal simulation results on the same device structure as used here show the maximum temperature rise was ∼170K under these high power conditions. 37, 38 The temperature rise and distribution in the rectifiers was simulated using self-consistent solution of the partial differential equations governing the physics in the electrical and thermal domains with the Florida Object oriented device and process simulator (FLOODS) TCAD simulator. The actual temperature rise may be larger, since the Kapitza resistance or the Interfacial Thermal Resistance (ITR) was ignored in those first-order model although, there have been studies that show a temperature discontinuity at the interface due to the ITR. 39, 40 Of course, the devices would be more susceptible to forward bias failure under DC conditions owing to the higher current and higher device temperatures under those conditions. There is an extensive literature on thermo-mechanical failure in forward-biased laser diodes. The low thermal conductivity of Ga 2 O 3 might be mitigated by integrating diamond as a high thermal conductivity heat spreader. [42] [43] [44] [45] This has been successfully implemented for GaN RF devices, which may be operated at extreme, highly-localized power densities (∼10 5 W cm −2 ). 44, 46 Tadjer et al. 42 performed simulations of temperature rise in Ga 2 O 3 epilayers on either a 200 μm thick Ga 2 O 3 or a 50 μm thick Cu substrate as a function of epilayer thickness. Solving the heat equation for the two structures showed that significantly higher power density was required to reach 175
• C by providing a high thermal conductivity path via Cu substrate. Thus, integration of Ga 2 O 3 with diamond, which has nearly an order of magnitude higher thermal conductivity than Cu, would be an even more effective solution for high power Ga 2 O 3 devices. 42, 43 There have been initial experimental demonstrations of Ga 2 O 3 on diamond which utilized a simple mechanical exfoliation process similar to that commonly employed for graphene. 43 Integrating top-side heat extraction will be an additional area for providing an effective thermal management strategy for Ga 2 O 3 .
47
Conclusions β-Ga 2 O 3 vertical Schottky rectifiers with a forward current capability >1 A and 1900V reverse breakdown voltage were demonstrated with large area (1.6 × 10 −3 cm 2 ). These devices were switched from 0.225 A to −700 V with t rr of 82 ns, which shows the promise of high power Ga 2 O 3 rectifiers for switching applications. Thermal management techniques will be important for these applications.
